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The macromolecules mediating species-specific events during fertilization and early development and their molecular
evolution are only beginning to be understood. We screened sea urchin ovary mRNA for species-specific gene products
using representational differential analysis to identify unique transcripts in Strongylocentrotus franciscanus that are
absent or divergent from a closely related species, S. purpuratus. One of the transcripts identified by this screening
process is SfEGF-II, which contains four EGF repeats. SfEGF-II is orthologous to the previously reported genes S.
purpuratus SpEGF-II and Anthocidaris crassispina AcEGF-II, encoding exogastrulation-inducing peptides (EGIP). EGF
peptides derived from EGIP induce exogastrulation, a classical developmental defect, when added to embryos prior to
gastrulation. The first three EGF repeats (EGF1–3) share 50 to 60% identity among the three species, but the fourth
repeat (EGF4) is more divergent, displaying only 30% identity. Analysis of the sequence divergence indicates that the
EGF-II genes display a relatively high nonsynonymous-to-synonymous ratio, a significant excess of radical compared
to conservative amino acid substitutions, and a lack of polymorphism within SfEGF-II, indicating that these genes have
been subjected to positive Darwinian selection. Recombinant EGF3 from S. franciscanus induces exogastrulation in
oth S. franciscanus and S. purpuratus. In contrast, recombinant EGF4 from both S. franciscanus and S. purpuratus
induces exogastrula in a species-specific manner. In hybrid embryos, both species of EGF4 induce exogastrulation,
suggesting that the receptor for this EGF molecule is expressed from both parental genomes during development. Both
EGF3 and EGF4 induce the phosphorylation of membrane proteins of the blastula stage embryos, but EGF4 stimulates
phosphorylation of proteins only in membranes prepared from homologous embryos, suggesting that it utilizes a
unique pathway involving a species-specific receptor for EGF4. Thus, species-specific events of gastrulation and early
development may be controlled by these rapidly diverging EGF molecules, through a novel species-specific signal
transduction pathway. © 2000 Academic Press
Key Words: EGF; species specificity; sea urchin; developmental defect; exogastrulation; differential analysis; signal
ransduction; nonsynonymous-to-synonymous ratio; Darwinian selection.s
(
VINTRODUCTION
The establishment and maintenance of a distinct gene
pool is a key feature of species divergence during evolution.
Species-barriers to reproduction can occur at any step of
sexual reproduction, from fertilization and early develop-
ment to gametogenesis and mating behavior (Khadem and
Krimbas, 1991). The gene products that establish and main-
tain separate gene pools are beginning to be isolated and
characterized (Nei and Zhang, 1998). Some of the best-
characterized macromolecules are those that mediate
0012-1606/00 $35.00
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All rights of reproduction in any form reserved.perm–egg interaction in marine invertebrates. The abalone
genus Haliotis) sperm protein lysin (Lee et al., 1995;
acquier et al., 1990; Vacquier and Lee, 1993) displays high
rates of sequence divergence and positive Darwinian selec-
tion, which may be in response to evolutionary change in
its complementary egg receptor (Swanson and Vacquier,
1998). In sea urchins, the sperm adhesive protein, bindin,
displays species-specific alterations that correspond to their
distinct adhesive specificities (Lee et al., 1995). Bindins also
exhibit evidence of positive selection and relatively large
numbers of polymorphisms within some species (Bier-
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268 Kamei, Swanson, and Glabemann, 1998). A rapidly evolving homeobox gene in Dro-
sophila is associated with hybrid sterility, suggesting that
this molecule may be subjected to positive Darwinian
selection pressures that favor differences in interaction
specificity (Ting et al., 1998).
To identify species-specific proteins that mediate fertili-
zation or early development in sea urchins, we isolated
species-specific gene tags by representational difference
analysis (RDA) (Hubank and Schatz, 1994) between two
species of sea urchins, Strongylocentrotus purpuratus (S.p.)
and S. franciscanus (S.f.). Five species-specific clones were
isolated from S.f. ovary mRNA. One of the clones, a
secreted EGF molecule, contains four tandemly repeated
EGF domains. The amino acid sequences of these EGF
repeats are among the most divergent sequences reported
among the sea urchins, S.f., S.p. (Yang et al., 1989), and a
different genus, Anthocidaris crassispina (A.c.) (Yamasu et
l., 1995). In A.c., the EGF polypeptide is proteolytically
rocessed into separate 56-residue EGF molecules and se-
reted into the blastocoele (Ishihara et al., 1982). The
urified EGFs induce a classical abnormal gastrulation
henotype in embryos, leading to their classification as
xogastrula-inducing peptides (EGIP) (Ishihara et al., 1982;
uyemitsu et al., 1989). We investigated the
xogastrulation-inducing activity of the EGF repeats from
.f. and S.p. Here we report that the more divergent fourth
epeat (EGF4) induces exogastrulation and the phosphory-
ation of membrane proteins in a species-specific fashion.
pecies-specific signaling via this pathway may be involved
n sea urchin speciation.
MATERIALS AND METHODS
Animal and Gamete Collection
Sea urchins, S.f. and S.p., were obtained from Marinus, Inc. (Long
Beach, CA). Spawning was induced by interacoelomic injection of
0.5 M KCl. For making embryos, eggs were inseminated with dry
sperm and then cultured in filtered seawater (FSW) at 17°C.
Blastula stage embryos were collected as swimming embryos after
approximately 18 h of growth in FSW. Hybrid embryos were
obtained by heavy insemination of the counterspecies sperm acti-
vated with egg jelly from the same sea urchin species as the sperm.
Hybrid crosses (S.p. 3 S.f., referred to as PF; S.f. 3 S.p., referred to
s FP) were viable at least until the gastrula stage.
Representational Difference Analysis
S.f. and S.p. ovary RNA was isolated by the guanidine isothio-
cyanate method (Chirgwin et al., 1979). S.f. and S.p. mRNA was
isolated from total RNA by Dynabeads oligo(dT)25 (Dynal). The
RNA was reverse transcribed into cDNA using the Amersham
DNA synthesis protocol and kit (Amersham Life Science, Inc.).
DA was performed as described by M. Hubank and D. G. Schatz
Hubank and Schatz, 1994). The cDNAs from S.f. and S.p. ovary
mRNA were digested by the restriction enzyme DpnII. These
fragments were ligated with the oligonucleotide primers (adapter 1)
and amplified by polymerase chain reaction (PCR). After the PCR,
the cDNA fragments derived from S.f. (tester) were digested by
Copyright © 2000 by Academic Press. All rightDpnII and religated with the other set of oligonucleotide primers
(adapter 2). Subtractive hybridization was performed between
cDNA fragments from S.f. and S.p. S.f. tester fragments were
hybridized with S.p. fragments whose adapters had been removed
by DpnII digestion (driver). Hybridization was performed in 30 mM
N-2-hydroxyethylpiperazine-N9-3-propanesulfonic acid (pH 8.0), 3
mM EDTA at 67°C for 20 h. After the subtractive hybridization,
the tester-specific fragments were amplified using the adapter 2
primer by PCR. The subtractive hybridization and amplification
was repeated three times with tester-to-driver ratios of 1/100,
1/800, and 1/400,000, sequentially. After the third subtractive
hybridization, DNA fragments were isolated by agarose gel (1%)
electrophoresis and cloned into the BamHI site of the Bluescript
SK(2) vector (Stratagene). These specific clones were identified by
their hybridization with a 32P-labeled tester cDNA, driver cDNA,
and tertiary subtracted fragments by colony hybridization. S.f.
tester-specific clones were randomly picked and sequenced. Se-
quence data were used to search for similarity using BLAST search
against the GenBank nonredundant database (Altschul et al., 1990).
Northern Blot Analysis
S.f. and S.p. ovary RNA was extracted as described above and
isolated using the Quik Prep Micro mRNA purification kit (Phar-
macia). One microgram of mRNA from both species was analyzed
by 1% formaldehyde agarose gel electrophoresis. Hybridization
was performed with 32P-labeled RDA fragment from each clone.
Each fragment was labeled by the Radprime DNA labeling system
(Gibco BRL) and hybridized overnight at 42°C in hybridization
buffer (50% formamide, 53 SSC, 50 mM sodium phosphate, 40
mg/ml salmon sperm, 43 Denhardt’s solution). The filter was
washed with 23 SSC–0.1% SDS for 15 min at room temperature,
0.13 SSC–0.1% SDS for 30 min at 50°C, and then exposed to
Kodak X-AR film.
Isolation of the Complete cDNA (SfEGF-II)
The complete EGF sequence was obtained by 59 and 39 RACE
(rapid amplification of cDNA ends) (Chenchik et al., 1996) with
the Marathon cDNA amplification kit (Clontech Laboratories,
Inc.). Amplification by PCR for RACE was performed with S.f.
ovary cDNA ligated to adapters. Amplification was done with 10
mM AP 1 primer (part of the adapter sequence) of the sequence
9-CCATCCTAATACGACTCACTATAGGGC-39 and 10 mM
designed primer from the original fragment of SfEGF-II by
Advantage KlenTaq polymerase. Designated primers GSP-1 (59-
AACTCTCGCTCGCTCTCACCACC-39) and GSP-2 (59-
GACACCAACAACTGCGAAGGCTTT-39) were used for PCR
amplification. The DNA fragments were sequenced and the
deduced amino acid sequence was compared to the GenBank
nonredundant database at the National Center for Biotechnology
Information using BLAST searches (Altschul et al., 1990).
Expression of Recombinant EGF
The third EGF repeat from S. franciscanus (Sf-EGF3) and the
fourth EGF repeat from S. franciscanus and S. purpuratus (Sf-EGF4,
p-EGF4) were each cloned into the pRSET Vector (Invitrogen).
rotein expression and Ni21-affinity purification were performed as
recommended by the manufacturer (Novagen). After purification,
protein was dissolved at the concentration 0.01 mM in 6 M
guanidine–HCl, 1 mM dithiothreitol, and dialyzed against 1 mM
diamide to generate disulfide bonds by air oxidation.
s of reproduction in any form reserved.
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269A Rapidly Diverging EGF in Sea Urchin DevelopmentExogastrula Inducing Assay
Fresh eggs from S.f. and S.p. were inseminated with dry sperm
nd cultured at 17°C in FSW. After approximately 18 h, the blastula
tage swimming embryos were isolated and collected by mild
entrifugation. The embryos were resuspended at ;800
mbryos/ml with fresh FSW and placed into 96-well plates. For
ybrid embryos, essentially all viable embryos were used in the
ssay. Recombinant EGF protein was added at different concentra-
ions, 0.1, 1, 5, and 10 mg/ml, to the embryo cultures. Each was
llowed to settle at room temperature, then they were grown for
24 h until they reached the gastrula stage of development.
ubsequently, each sample was fixed with 4% paraformaldehyde in
SW. The embryos were counted and observed for induction of
xogastrula or normal development.
In Vitro Membrane Kinase Assay
Membrane from unfertilized eggs and blastula stage embryos
were isolated essentially as described by Dasgupta and Garbers
(1983). The 30–40% interface membrane of the stepwise gradient
centrifugation was isolated and used in in vitro kinase assays. The
inase assay was performed in a 20-ml reaction mixture, containing
embranes (approximately 0.5 mg of total protein), 50 mM Pipes
pH 7.2), 5 mM MgCl2 or MnCl2, 1 mM sodium pyrophosphate, 10
M sodium fluoride, 50 mM sodium orthovanadate, and plus or
minus 1 mg of each EGF recombinant protein. The reaction was
initiated by the addition of [g-32P]ATP and after 1, 5, or 10 min
ncubation at 25°C was terminated by the addition of 20 ml
SDS–PAGE sample buffer and heating to 90°C for 10 min. To
identify the phosphorylation of proteins in the eggs’ or embryos’
membranes, samples were electrophoresed in 10% SDS–PAGE.
Radioactive proteins on both gels were detected by exposing with
Kodak X-AR film.
Sequence Analysis
Maximum likelihood estimates of the number of synonymous
substitution per synonymous site (D s) and the number of nonsyn-
onymous substitution per nonsynonymous site (Dn) were obtained
y the method of Goldman and Yang (1994) using the PAML
rogram (Yang, 1999). Sliding window analysis of Dn/D s was
erformed using the program WINA (Endo et al., 1996) with a
indow size of 50. Phylogenetic analysis by maximum likelihood
as done with PHYLIP 3.5c, with 500 bootstrap replicates (Felsen-
tein, 1993). The SCR program (Hughes et al., 1990) was used to
alculate the number of nonsynonymous substitutions per nonsyn-
nymous site that are radical (Pnr) versus those that are conserva-
tive (Pnc), with respect to either charge or amino acid type.
Polymorphism-to-divergence ratios were analyzed using an HKA
test (Hudson et al., 1987), as implemented in DnaSp 3. S.f. bindin
polymorphism and divergence data were from Debenham (1997).
RESULTS
Results of the RDA
To identify species-specific transcripts expressed in the
ovary, RDA was performed between two closely related sea
urchin species, S. franciscanus and S. purpuratus. After the
third subtractive hybridization, approximately three dis-
Copyright © 2000 by Academic Press. All rightinct DNA fragments were observed by agarose gel electro-
horesis (Fig. 1). The species specificity of each clone was
hecked by colony hybridization. Each clone hybridized
ith amplified S.f. cDNA but not with amplified S.p. cDNA
y colony hybridization (data not shown). From these
esults, each clone was specific to S.f. mRNA. The DNA
as cloned and sequenced, yielding five distinct cDNA
ragments. One of the clones contained significant homol-
gy to orthologous genes from two different species that
ncode a secreted EGF polyprotein as identified by BLAST
earches of the GenBank nonredundant database. These
GF genes are SpEGF-II (Yang et al., 1989) and AcEGF-II,
encoding EGIP (Yamasu et al., 1995). We refer to the S.f.
gene as SfEGF-II because of its homology to SpEGF-II and
AcEGF-II and to maintain consistency with the nomencla-
ture adopted for the other urchin EGF genes (Yang et al.,
1989). Northern blot analysis was performed using the
cloned fragment of SfEGF-II as a probe. This detected a
single 1.8-kb transcript hybridizing from S.f. but not S.p.
(Fig. 2). Similar-sized transcripts are encoded by SpEGF-II
and AcEGF-II genes (Yang et al., 1989; Yamasu et al., 1995).
We also performed Southern analysis of both S.p. and S.f.
DNA using SfEGF-II and SpEGF-II probes. The results
suggest that both SfEGF-II and SpEGF-II are single-copy
genes (data not shown), consistent with the previous report
that the AcEGF-II gene is a single-copy gene (Yamasu et al.,
1995).
All three EGF genes encode four tandem EGF repeats
FIG. 1. Results of the subtractive hybridization screen. The subtrac-
tive hybridization reactions were repeated three times. The products
of the first (lane 1), second (lane 2), and third (lane 3) subtractive
hybridization are shown. The subtractive hybridization ratios for S.
franciscanus:S. purpuratus are 1:100 (lane 1), 1:800 (lane 2), and
1:400,000 (lane 3). The left lane shows the 100 bp ladder.following the signal sequence (Fig. 3). The first three repeats
s of reproduction in any form reserved.
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270 Kamei, Swanson, and Glabeare fairly well conserved among the three species with
approximately 50–60% identity, but the last EGF domain
shows significantly less identity. The last EGF repeat has
only 30% identity between S.f. and S.p. with 6 of the 61
odons representing invariant cysteine residues. The DNA
ragment obtained by RDA corresponds to this more highly
ivergent repeat. Phylogenetic analysis of the sequences
ndicates that the first and second repeats represent distinct
ranches, while repeats 3 and 4 are more related to each
ther (Fig. 4). The high degree of sequence identity, the
rganizational similarity of the domain structure, and the
act that the genes are single copy indicate that all three
enes, SfEGF-II, SpEGF-II, and AcEGF-II, are orthologous as
as previously concluded for SpEGF-II and AcEGF-II (Yang
t al., 1989).
In a more detailed analysis of the sequence divergence,
e compared the rate of nonsynonymous replacements (Dn)
o silent or synonymous substitutions (Li, 1997). Values of
n and D s are high in all comparisons (Table 1). The
resulting Dn/D s ratios are also high but do not exceed 1.0
(Table 1). However, at this high level of divergence, satura-
tion effects may obscure signs of positive selection. In all
comparisons of the entire coding region, D s is significantly
higher than Dn, suggesting that the proteins are subject to
purifying selection. Regional analysis of the Dn/D s ratio in
sliding window along the EGF sequence indicates that the
n/D s ratio varies with respect to position (Fig. 5). The
Dn/D s ratio appears to be lower in the spacer regions
FIG. 2. Northern blot analysis of S.f. EGF transcripts. One micro-
gram of ovary mRNA of S.f. (lane 1) and S.p. (lane 2) was probed
ith the fragment of the S.f.-specific clone obtained by RDA. RNA
olecular weight standards are indicated on the left.between the EGF domains than in the rest of the molecule
Copyright © 2000 by Academic Press. All rightnd peaks at the extreme carboxyl terminus, where its
alue actually exceeds 1 (Table 1). Since this is the location
f the fourth EGF repeat, we calculated Dn and D s for this
epeat alone. Dn exceeds D s in this repeat in two of the
omparisons, although the differences are not statistically
ignificant.
To test whether the high Dn/D s ratios observed are due to
ositive selection, we classified the nonsynonymous
hanges in terms of radical (Pnr) or conservative (Pnc) amino
cid replacements per nonsynonymous site (Table 2). If
onsynonymous changes are random (the neutral expecta-
ion), Pnc would equal Pnr. In the majority of proteins, Pnc is
greater than Pnr due to purifying selection. However, for the
GF-II protein, Pnr is greater than Pnc for amino acid charge
ifferences (Hughes et al., 1990) (Table 2) and the difference
is statistically significant for one comparison (P , 0.03).
For amino acid “type,” which takes into account size and
polarity, Pnr is less than Pnc (Table 2). This is evidence that
he EGF-II protein is under purifying selection to maintain
tructure, while under positive Darwinian selection for
mino acid variation. Similar results were obtained for the
nalysis restricted to the fourth EGF-II repeat (Table 2).
Since the divergence of the EGF-II genes is high, we
earched for polymorphisms in the SfEGF-II fourth repeat
y sequencing six alleles. No sequence variation was found.
f sequence divergence is neutral, the levels of polymor-
hism and divergence should be correlated between two
ifferent loci (Hudson et al., 1987). We compared the rates
of divergence and polymorphism in another sea urchin
gene, bindin (Debenham, 1997), using the HKA test (Hud-
son et al., 1987). The evolution of S.f. bindin does not depart
from neutrality and can therefore be used as a neutral
comparison. Comparison of the divergence-to-
polymorphism ratios between these loci departs signifi-
cantly from the neutral expectation (P , 0.01), indicating
nonneutral evolution of one of the loci (Table 3). Taken
together with the high Dn/D s ratios and excess of radical
mino acid replacements in EGF-II, we suggest that the
bsence of polymorphism in SfEGF-II may have resulted
rom a recent selective sweep promoted by positive Darwin-
an selection.
Biological Activity of Recombinant EGF
We have demonstrated that the divergence of the EGF-II
molecule, particularly repeat 4, is promoted by positive
Darwinian selection. It is therefore of interest to determine
the functional significance of this divergence. The EGF
peptides from the first three repeats have previously been
purified from A.c. gastrulae and shown to have
exogastrulation-inducing activity, which suggests that they
play an essential role in gastrulation and morphogenesis
(Suyemitsu et al., 1989). Although the fourth, more diver-
gent, EGF4 repeat is encoded in the same transcript, it was
not identified in the exogastrula-inducing peptides purified
from gastrulae (EGIP-X) (Suyemitsu et al., 1989). To exam-
ine whether the fourth repeat also encodes a functional
s of reproduction in any form reserved.
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271A Rapidly Diverging EGF in Sea Urchin Developmentgene product, recombinant EGF4 from S.f. and S.p. was
urified and its activity examined using exogastrulation as
n index. The more conserved third repeat derived from S.f.
as also examined in biological assays. Each recombinant
rotein was added to blastula stage embryos from both
pecies at different concentrations and incubated until the
ontrol embryos completed normal gastrulation (see Mate-
ials and Methods). The recombinant EGF peptides all
emonstrated exogastrula-inducing activity in homologous
mbryos (Figs. 6A and 6C). The specific activity of the
ecombinant EGF peptides is very similar to the specific
ctivity of the purified EGIP peptides from A.c. reported by
FIG. 3. Alignment of the deduced amino acid sequences of SfEGF
4). Bold letters show the original RDA fragment of SfEGF-II isolatshihara and co-workers (1982): approximately 200 units/
Copyright © 2000 by Academic Press. All rightg, where 1 unit is defined as the amount required for
alf-maximal exogastrulation. The Sf-EGF3 peptide in-
uced exogastrulation with both S.f. and S.p. blastula stage
mbryos in a dose-dependent fashion. In contrast, the
ecombinant EGF4 induced exogastrulation only in ho-
ologous embryos (Figs. 6A and 6C). It is important to note
hat S.p. embryos display considerably higher maximal
values of exogastrulation. The reason for this is not clear,
but the values are reproducible using different individual
animals and the exogastrulation results are statistically
significant.
We also examined the exogastrula-inducing activity in
cEGF-II, and SpEGF-II. The EGF repeats are boxed (EGF1, 2, 3, and
m S.f. in the RDA screen.-II, Ahybrid embryos derived from S.p. and S.f. sperm and eggs
s of reproduction in any form reserved.
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272 Kamei, Swanson, and Glabe(Figs. 6B and 6D). In PF and FP hybrid embryos, Sf-EGF3,
Sf-EGF4, and Sp-EGF4 all induced exogastrulation in a
dose-dependent manner, with the exception that the
highest concentration of Sf-EGF4 tested failed to induce
exogastrulation in FP hybrids (Fig. 6D). These results
demonstrate that EGF4 can induce exogastrulation in
embryos that contain at least one homologous haploid
genome and suggest that the gene encoding the corre-
sponding receptor is expressed from both parental geno-
types in embryos. The maximal extent of exogastrulation
obtained in hybrid embryos was intermediate to that of
both parental types. The phenotypes of hybrid embryos
are frequently in between those of the parentals, so the
intermediate maximum exogastrulation frequency ob-
served for the hybrid is consistent with this observation.
FIG. 4. Phylogenetic tree of SfEGF-II, AcEGF-II, and SpEGF-II.
he phylogenetic relationships were analyzed using maximum
ikelihood method of the EGF domains. The numbers correspond to
ootstrap values.
ABLE 1
Dn/D s Dn D s
Mature protein
Sp-Sf 0.71* 0.46 0.65
Sp-Ac 0.60** 0.39 0.65
Sf-Ac 0.55*** 0.37 0.67
EGF4
Sp-Sf 1.13 0.52 0.46
Sp-Ac 1.04 0.51 0.49
Sf-Ac 0.45 0.18 0.40* P , 0.05; ** P , 0.01; *** P , 0.005.
Copyright © 2000 by Academic Press. All righthe resulting defective embryos were most commonly
xogastrulae, but also included embryos exhibiting ar-
ested gastrulation (data not shown). A small number of
mbryos showed intermediate or partially aberrant cell
igration of the archenteron in these experiments. These
ere not included in the percentage of exogastrula em-
ryos, though they displayed partially defective pheno-
ypes. The finding that EGF4 is functional and species-
pecific in terms of inducing exogastrulation suggests
hat selection has acted to maintain its function and
nteraction with its conspecific receptor and that the
eceptors may vary between the species, as does EGF4.
Stimulation of Membrane Protein Phosphorylation
by Recombinant EGF
The existence of the highly divergent EGF4 domains in
S.f. and S.p. and their species-specific exogastrulation-
inducing activities suggested that these molecules may
FIG. 5. Sliding window analysis of Dn/D s. The y axis is the Dn/D s
ratio and the x axis is the midpoint of the sliding window along the
amino acid sequence. The species comparison is indicated at the
top left.function in unique species-specific signal transduction
s of reproduction in any form reserved.
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273A Rapidly Diverging EGF in Sea Urchin Developmentevents in early development. Since the EGF molecules
typically transduce these signals through specific recep-
tors that modulate the phosphorylation of other proteins,
we examined the effect of recombinant EGF on the
phosphorylation of proteins in membrane vesicles de-
rived from embryos. Recombinant EGF was incubated
with [g-32P]ATP in in vitro kinase assays to observe the
nduction of specific phosphorylation of membrane pro-
eins. We first examined the concentration dependence of
he stimulation of phosphorylation. We found that S.f.
GF3 induced the specific phosphorylation of membrane
roteins at amounts as low as 2.5 mg/ml and the effect
was maximal at approximately 50 mg/ml (data not
hown). We examined the species specificity of phosphor-
lation under conditions approaching saturation of EGF
50 mg/ml), since this is a more stringent test of the
TABLE 2
Comparison of Radical and Conservative Amino Acid
Substitutions in EGF-II
Pnr (radical AA) Pnc (conserved) Pnr/Pnc
Mature protein, results for any “type” substitutions
Sf–Sp 0.2788 6 0.0198 0.4359 6 0.0332 0.63*
Sf–Ac 0.1761 6 0.0168 0.2541 6 0.0292 0.7*
Sp–Ac 0.2303 6 0.0188 0.3956 6 0.0324 0.58*
Mature protein, results for charge substitutions
Sf–Sp 0.3524 6 0.0265 0.3060 6 0.0228 1.16*
Sf–Ac 0.2068 6 0.0225 0.1942 6 0.0195 1.06
Sp–Ac 0.3004 6 0.0257 0.2674 6 0.0218 1.12
EGF4, type
Sf–Sp 0.2737 6 0.0709 0.5714 6 0.1414 0.48*
Sf–Ac 0.1547 6 0.0525 0.2924 6 0.1205 0.53
Sp–Ac 0.3070 6 0.0748 0.5286 6 0.1461 0.58
EGF4, charge
f–Sp 0.3987 6 0.0970 0.2911 6 0.0885 1.4
f–Ac 0.2278 6 0.0817 0.1557 6 0.0610 1.5
p–Ac 0.4685 6 0.1022 0.2581 6 0.0861 1.8*
* P , 0.05.
ABLE 3
KA Test Comparison of Divergence and Polymorphism
n EGF-4 and Bindin
EGF4 Bindin
Polymorphic 0 97
Divergence 42 20
Copyright © 2000 by Academic Press. All rightpecificity than what would otherwise be obtained under
ore limiting concentrations. In Mg21-containing buffer,
Sf-EGF3 induced the phosphorylation of two protein
bands, at approximately 28 and 31 kDa, that are unique to
S.p. membranes (Fig. 7A). The phosphorylation of the
upper band was preferentially stimulated by the addition
of the Sf-EGF3, but the lower band was stimulated by the
addition of the Sp-EGF4. Neither band was phosphory-
lated in response to Sf-EGF4. With S.f. membranes, the
hosphorylation of a 14-kDa membrane protein was
niquely stimulated by the addition of the Sf-EGF4 (Fig.
FIG. 6. Exogastrula-inducing activity of recombinant EGF. Em-
bryos were incubated with increasing amounts of recombinant EGF
and percentage of the abnormal morphogenesis (exogastrulae) was
scored. (A) PP (S.p. / 3 S.p. ?) embryos. (B) PF hybrid (S.p. / 3 S.f.
) embryos. (C) FF (S.f. / 3 S.f. ?) embryos. (D) FP hybrid (S.f. / 3
.p. ?) embryos. Protein was added in increasing doses of 0.1, 1, 5,
nd 10 mg/ml starting from the left. Protein species Sf-EGF3,
Sf-EGF4, and Sp-EGF4 show at the bottom of the graphs. The error
bars represent standard deviations (P , 0.01).B). Under Mn21 buffer conditions, the phosphorylation
s of reproduction in any form reserved.
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274 Kamei, Swanson, and Glabeof a 45-kDa membrane protein was stimulated in both
S.p. and S.f. membranes by the addition of the Sf-EGF3
(Figs. 7C and 7D). The phosphorylation of this same band
is stimulated by the addition of EGF4 only in membranes
prepared from homologous embryos (Figs. 7C and 7D).
Thus, the phosphorylation of distinct membrane proteins
displays the same pattern of specificity observed for the
biological activity of these EGF molecules in inducing
FIG. 7. Stimulation of in vitro membrane protein phosphoryla-
tion by recombinant EGF. Membrane phosphorylation reactions
were carried out in MgCl2 buffer (A, B) or MnCl2 buffer (C, D)
(see Materials and Methods). Membrane phosphoproteins of S.p.
blastula embryos (A). Lane 1 is 10-min reaction of endogenous
activity with no protein added (EGF2). Lane 2, membrane
sample with 1.0 mg Sf-EGF3, lane 3, with 1.0 mg Sf-EGF4, and
lane 4, with 1.0 mg Sp-EGF4. Each sample was reacted for 1 and
10 min. Membrane phosphoproteins of S.f. blastula embryos (B).
ane 1 is 10-min reaction of endogenous activity (EGF2). Lane 2,
embrane sample with 1.0 mg Sf-EGF3, lane 3, with 1.0 mg
Sf-EGF4, and lane 4, with 1.0 mg Sp-EGF4. Each sample was
incubated for 1 and 10 min, shown in corresponding order. The
arrowhead shows the location of the unique protein that is
phosphorylated in response to EGF addition. Membrane phos-
phoproteins of S.p. blastula embryos (C) and membrane phos-
phoproteins of S.f. blastula embryos (D). The samples indicated
are the same as in (A) and (B) except the buffer contained MnCl2
instead of MgCl2.exogastrulation. c
Copyright © 2000 by Academic Press. All rightDISCUSSION
In this study we have cloned the S.f. ortholog of the
pEGF-II (Yang et al., 1989) and AcEGF-II (Yamasu et al.,
1995) genes using a species-specific sequence tag obtained
by representation difference analysis. Sequence analysis
indicates that the genes have identical domain structures
consisting of a secretory signal sequence and four EGF
repeats. The identical sizes of the transcripts and results of
Southern analysis are consistent with the genes being
orthologous. The coding regions of the first three repeats
share 50 to 60% identity among the three species, but the
fourth repeat (EGF4) is more divergent, displaying only 30%
identity. Six of the 50–60 residues of each repeat are
cysteines that are conserved to satisfy the constraints of
EGF structure. Estimates of the divergence times for S.p.
and S.f. have been made on the basis of mitochondrial DNA
sequence divergence and suggest that these two species
split approximately 18 Myr ago (Kessing, 1991). The mo-
lecular phylogeny of A.c. is more difficult to discern be-
cause there have been few genes characterized in this
species, but the Dn and D s values for A.c. are similar to
those of both S.p. and S.f. (Table 1). The divergence rates for
he first three repeats are approximately 1.67 substitutions/
yr, while the rate for the fourth repeat is 3.8
ubstitutions/Myr. The level of amino acid sequence diver-
ence observed for the EGF-II repeats is higher than any
ther orthologous proteins that we are aware of in echino-
erms. In comparison, the rates of divergence of the struc-
urally related EGF-I and EGF-III gene products (fibropel-
ins) for S.p. and Heliocidaris erythrogramma, which
iverged 45 Myr ago, are approximately 0.24 to 0.47
ubstitutions/Myr. These latter rates are similar to the rates
f divergence of retroviral-like elements in S.p. and S.f. at
onsynonymous sites, 0.27 substitutions/Myr (Gonzalez
nd Lessios, 1999).
Although the EGF-II genes are highly divergent, the
eason for this exceptional divergence is not clear. There is
ne region in the carboxyl terminus where Dn exceeds D s
(Fig. 3), which corresponds to EGF repeat 4 (Table 1).
Although the Dn/D s ratios for the mature protein range
from 0.37 to 0.71 for the three sequence comparisons, it
would be difficult for the ratio to exceed 1 because of
saturation effects. An alternative explanation for the high
sequence divergence is that the EGF-II genes are not essen-
tial and that the divergence therefore is the result of relaxed
selection. However, the biological activity of the recombi-
nant EGF molecules argues against this. The mutual spe-
cies specificity of the EGF4 molecules suggests that there
has been a coordinate divergence in the receptor molecules
that mediate the EGF signal transduction to maintain the
functioning of these molecules. It is difficult to imagine
how this coordinate divergence could arise in the absence of
selection for the function of the EGF4 molecules. Further-
more, relatively high Dn/D s ratios, a lack of polymorphism
significant HKA test), and a significant excess of radical
ompared to conservative amino acid replacements suggest
s of reproduction in any form reserved.
275A Rapidly Diverging EGF in Sea Urchin Developmentthe action of positive Darwinian selection on this molecule.
Whatever the selective pressure was that led to the diver-
gence of the species-specific signaling activity of EGF4, it
has not led to homogenization of the repeats within a
species, suggesting that different repeats may have distinct
physiological functions. This is consistent with the phylo-
genetic evidence that indicates that repeats are more simi-
lar to each other across species than they are to the other
repeats within the same species (Fig. 4).
EGF proteins have been described as signaling ligands in
diverse systems, such as cell proliferation or cell migration
in morphogenesis (Doyle and Bishop, 1993). Recombinant
EGF3 and EGF4 both induce exogastrulation, although
EGF4 induces exogastrulation only in homologous embryos
or hybrids. The recombinant EGF4 also induces the phos-
phorylation of a specific membrane protein in a species-
specific manner. The phosphorylation of a protein of ap-
proximately 45 kDa is markedly stimulated when
membranes are incubated with homologous EGF4 for the
both species’ embryos’ membranes under Mn21 buffer con-
dition. A protein of the same size was phosphorylated when
membranes from both S.f. and S.p. were incubated with
Sf-EGF3. This phosphoprotein is too small to represent a
typical ErbB type of EGF receptor (Riese and Stern, 1998),
but it is the appropriate size for actin, which is known to be
phosphorylated in an EGF-dependent fashion (van Delft et
al., 1995).
Genes potentially involved in prezygotic isolation have
recently been characterized, most notably in marine inver-
tebrates. Species-specific fertilization and possibly specia-
tion have been proposed to be side effects of the evolution
and interaction of proteins mediating fertilization. Post-
mating restrictions to gene flow can also serve to produce
reproductive isolation, and again speciation may be the
by-product of divergent developmental proteins. Perhaps
the best example of postzygotic isolation is the character-
ization of the Drosophila protein Ods (Ting et al., 1998).
Ods is involved in hybrid male sterility and is thought to
have arisen from a gene duplication of the gene Unc-4.
Following duplication, Ods gained a testis-specific expres-
sion pattern and subsequently underwent rapid divergence
promoted by positive Darwinian selection for functional
specialization. Hybrid male sterility, and therefore a selec-
tive pressure for speciation, may be a by-product of the
functional specialization of Ods. We propose a similar
scenario for the evolution of the urchin EGF-II genes. The
redundant nature of the EGF-II molecule, containing four
EGF repeats, may have made it possible for one repeat to
undergo functional specialization while the other EGF
repeats maintained necessary developmental roles. We pro-
pose that the rapid divergence of the fourth repeat of the
EGF-II molecule is for functional specialization. This is
evidenced by the species-specific exogastrulation ability of
EGF-II repeat 4 as well as the functional difference in
protein phosphorylation between repeats 3 and 4.
The species-specific activity of EGF4 implies that this
pathway may be reserved for a function that is distinct from
Copyright © 2000 by Academic Press. All rightthat of EGF3. It is not yet clear what the normal function of
EGF4 may be and why its signaling pathway has diverged
sufficiently to restrict its activity to cells containing at least
one haploid genome. The only phenotype observed for these
embryos treated with exogenously supplied EGF molecules
is the induction of exogastrulation. This represents abnor-
mal morphogenesis, perhaps due to the excessive signaling,
location of signaling, or the timing and duration of the
signal. If excessive or inappropriate EGF signaling results in
abnormal morphogenesis, then perhaps the sea urchin EGF
molecules play a role in normal morphogenesis as well.
This suggestion is consistent with the roles that EGF is
known to play in the embryonic development of other
animals (Perrimon and Perkins, 1997; Wiley et al., 1995).
The diversity of multiple EGF ligands and EGF receptors
and their ability to bind to multiple signaling partners
combine to produce a complex signaling network that
regulates multiple events in development, proliferation,
and tumorigenesis (Perrimon and Perkins, 1997; Riese and
Stern, 1998; Wiley et al., 1995). In view of the diversity of
EGF signaling ligands in these other developing systems it
is not surprising that sea urchins would also have multiple
EGF ligands and receptors. What is surprising is the rapid
sequence and functional divergence of EGF4 between dif-
ferent species. Whatever the normal function of this mole-
cule is, the rapid divergence and species-specific function
suggest that it may be involved in speciation.
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